
 

 

저 시-비 리- 경 지 2.0 한민  

는 아래  조건  르는 경 에 한하여 게 

l  저 물  복제, 포, 전송, 전시, 공연  송할 수 습니다.  

다 과 같  조건  라야 합니다: 

l 하는,  저 물  나 포  경 ,  저 물에 적 된 허락조건
 명확하게 나타내어야 합니다.  

l 저 터  허가를 면 러한 조건들  적 되지 않습니다.  

저 에 른  리는  내 에 하여 향  지 않습니다. 

것  허락규약(Legal Code)  해하  쉽게 약한 것 니다.  

Disclaimer  

  

  

저 시. 하는 원저 를 시하여야 합니다. 

비 리. 하는  저 물  리 목적  할 수 없습니다. 

경 지. 하는  저 물  개 , 형 또는 가공할 수 없습니다. 

http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/


 

공학석사학위논문  

 

Fabrication of Polyaniline-coated 

Magnetite/Silica Nanoparticles for  

Electro-magnetorheological Fluid 

Application 

폴리아닐린이 코팅된 산화철/실리카 나노입자의 

제조와 전기-자기 반응성 지능형 유체로의 응용 

 

2016년 8월 

 

 

서울대학교 대학원 

화학생물공학부 

홍 승 희 



i 

 

Abstract 
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Application 
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The polyaniline-coated magnetite/silica core/shell nanoparticles 

(Fe3O4/SiO2/PANI NPs) are successfully fabricated and applied as the dual-

responsive smart fluid. The Fe3O4/SiO2/PANI NPs-based EMR fluid exhibits 
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dual stimuli-responsive properties. Moreover, the fluid represents excellent ER 

efficiency (517.2 % at shear rate of 0.1 s-1 and field strength of 3 kVmm-1) and 

MR performance (142.3 % at shear rate of 0.1 s-1 and field strength of 429 kAm-

1) in low concentrated system, which is attributed to the uniformity of particles 

and size effect. Particularly, the fluid is responsive to both electric and magnetic 

fields simultaneously and fine control of the rheological properties are possible 

according to field direction. These results would provide the possibilities for 

rheological control of dual stimuli-responsive smart fluid and their practical 

application. 
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Chapter 1. Introduction 

 

1.1 Stimuli-responsive smart fluids 
 

Smart materials have attracted great attention because of their controllable 

properties in response to external stimuli, such as temperature, mechanical 

stress, light, pH, and electric or magnetic field [1–4]. In particular, smart fluids 

which respond to external stimuli by changing their rheological properties 

generally consist of carrier oil containing dispersed solid particles. On account 

of reversible and controllable properties of smart fluids, they have a wide range 

of potential applications including automotive industries, tactile display, 

microfluids and torque element [5–7]. Without an external field, the solid 

particles are randomly dispersed in carrier oil and behave in compliance with a 

Newtonian fluid. When an external field is applied, these particles form aligned 

structure along the applied field because of induced electric or magnetic dipole-

dipole interactions (Figure 1). Therefore, yield stress (𝜏𝑌), at which smart fluids 

strart to behave as a liquid, is needed to break the aligned structures [8]. This 

non-newtonian fluid behavior is generally described as Bingham fluid. The 

relationship between shear stress (τ) and shear rate (�̇�) of Bingham fluid is 

given by:   

τ =  𝜏𝑌 +  𝜂�̇�                     (1) 
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From the above formula, yield stress (𝜏𝑌) is proportional to the polarization 

energy density, |�⃗� ∙ 𝐹 |, where �⃗�  is the polarization density and F is the field 

strength. In case of induced polarization, �⃗�  equals to χ𝐹  and χ  is 

susceptibility, i.e., |�⃗� ∙ 𝐹 | = χ𝐹2. For that reason, yield stress is proportional 

to the square of field strength.  
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Figure 1. Sketches of the ER effect and the origin of its shear resistance. (a) 

Side view, top view, and microscope top view of ER fluids under different 

electric fields E and shear statesγ̇. (b) Electrostatic pair interaction between 

particles in the traditional polarization model. (c) Mechanical interaction 

induced by the electrostatic interaction between particles after these particles 

become shear thickened or jammed [4]. 
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1.1.1 Electro and magneto-responsive fluids 

 

 
Electrorheological (ER) and magnetorheological (MR) fluids belong to 

smart fluids. These fluids have the ability to transform their state from a fluid-

like to a solid-like state reversibly under applied electric field and magnetic 

field, respectively. ER and MR fluids are very similar in operational mechanism 

and composition, however, relatively little attention has been paid to the ER 

fluids due to technical problems and lack of efficient materials for high ER 

effect [9]. To overcome these limitation, a large effort has been devoted to the 

synthesis of suitable materials for ER application. Recently a number of various 

polarizable materials have been used as ER materials, such as inorganic, 

organic polymer and inorganic/organic composite materials [1, 2, 9]. 

Conducting polymers with suitable conductivity (10–6 to 10–10 S cm–1) have 

been widely applied as ER materials because of low density and intrinsic 

polarizability without any additive. Particularly, polyaniline (PANI) has 

attracted a lot of attention due to its remarkable properties such as thermal 

stability, facile tailoring in conductivity, simple synthesis and low cost, etc. 

Furthermore, PANI-based ER fluids show excellent ER efficiency with high 

charge mobility. Hong et al. investigated the ER efficiencies of several 

conducting polymer-related species. Among these silica/conducting polymer 

core/shell nanosphere-based ER fluids, silica-PANI based-ER fluid provided 

the highest ER efficiency (980%) [10].  
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Moreover, a great deal of researches have been studied for optimizing 

geometry of ER material including particle size, shape, and aspect ratio. For 

instance, Lee et al. demonstrated the ER activity depending on particle size. 

The ER activities were improved with decreasing the size of ER particles [11, 

12]. In addition, the increment in aspect ratio correlates improved ER activity 

resulted from a strong induced dipole moment with high aspect ratio [13, 14].  

Based on utilization of various ER materials, such as inorganics, organic 

polymer and composite material with different geometry, the possibility of ER 

application has been increased. Nevertheless, considerable work is still needed 

to overcome drawback including thermostability, off-state viscosity, low yield 

stress value and sedimentation problem for practical application.  

On the other hand, MR fluids generally exhibit a superior yield stress under 

applied field compared to that of ER fluids and have been already 

commercialized in the automobile industry. Furthermore, they have 

considerable potential application in a range of industry, including robotic 

prosthesis, optical finishing, and haptic devices [15, 16]. In general, diverse 

materials have been utilized as MR materials, i.e. carbonyl iron (CI), magnetite 

and cobalt oxide [17, 18]. However, MR fluids are still need to improve 

colloidal stability because of the inherent density mismatch between MR 

particles and carrier oil. Therefore a large effort has been devoted to solve this 

problem, such as the addition of liquid surfactant or solid additive and coating 

techniques. Solid additives, including fumed silica, organoclay and carbon 
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nanotube [18–20], can prevent the magnetic particles from contacting each 

other, resulting in the maintenance of colloidal stability of MR fluids. In spite 

of these merits, additives are able to hinder MR performance by limiting 

maximum volume fraction of magnetic particles and by increasing the off-shear 

viscosity of MR fluids. Therefore, coating techniques are more favorable 

method for enhancing the colloidal stability of MR fluids. A range of coating 

materials, e.g. silica, multi-walled carbon nanotubes (MWNTs) and polystyrene 

[15, 21, 22], have been reported. Coating techniques have improved 

sedimentation problems resulted from density mismatch of magnetic particle 

and carrier oil, though the MR effect was reduced slightly due to the 

nonmagnetic property of coating materials. 
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1.1.2 Dual stimuli-responsive fluids 

 

Electromagnetorheological(EMR) fluids are responsive to both electric and 

magnetic field and exhibit synergistic effect as dual stimuli-responsive smart 

fluids. EMR fluids form more aggregated and organized structure under applied 

electric field together with magnetic field. Previous researches demonstrated 

that the shear stress value induced in two field simultaneously is larger than the 

value from acquired by adding each value in separated field [23, 24]. 

Futhermore, by using the EMR effect, it will be possible to finely control yield 

stress and viscosity because rheological properties of EMR fluids are related to 

field direction. In spite of these advantages, however, relatively little attention 

has been paid to the EMR fluids. Several single materials, such as α-Fe2O3 and 

γ-Fe2O3, are reactive in both fields and were utilized for EMR fluid in an earlier 

stage [25, 26]. Nevertheless, different degree of performance in field have 

became a major obstacle for application. Recently, Fang et al. and Sim et al. 

fabricated conducting polymer/Fe3O4 composite materials for EMR application 

[27, 28]. These hybrid materials showed excellent response under both electric 

and magnetic field and enhancement of colloidal stability. Therfore, EMR 

fluids can be regarded as a great candidate for smart fluid system and more 

studies need to be done for better comprehensive operation of EMR fluids. 
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1.2 Magnetic core/shell nanoparticles 

 

Since nanomaterials display novel properties different from their bulk 

materials, considerable effort has been contributed to the controlled synthesis 

of nanomaterials with functional properties. In particular, core/shell 

nanoparticles are highly-functional materials because their properties including 

stability, dispersibility and functionality are able to be modified by changing 

constituents of materials or core to shell ratio. Depending on the application, 

there are a lot of combinations in core/shell materials [29, 30].  

Especially, magnetic nanoparticle is one of the most attractive core 

materials in many field. Because magnetic nanoparticles still need significant 

improvement in colloidal stability, coating of shell materials is required for 

enhancing the colloidal stability as mentioned above. In order to accomplish a 

higher colloidal stability of particles by decreasing the agglomeration, magnetic 

particles are coated with diverse shell materials including silica, polymer and 

organic molecules [31, 32]. During the past decades, magnetic particle/silica 

core/shell particles have been widely studied. Silica coating prevents the core 

surface from interfering in redox reaction at the core surface. In other words, 

silica shell provides magnetic particles with anti-acidic characteristics. It also 

reduces the bulk conductivity and enhances the colloidal stability of the core 

particles [33].  
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On the other hand, magnetic particle/conducting polymer core/shell 

nanoparticles which exhibit both magnetic and conducting properties, have 

received considerable attention as useful materials for wide application like 

sensors, electromagnetic shielding and EMR effect. In addition, polymer 

coating prevents corrosion of core materials and agglomeration in magnetic 

nanoparticles. In particular, Fe3O4/PANI core/shell nanoparticles have been 

highlighted comprehensively. In general, Fe3O4 displays superparamagnetic 

behavior at room temperature when the diameter of Fe3O4 is below 15 nm. The 

superparamagnetism is beneficial to the application including biomedicine and 

MR effect. PANI coating on superparamagnetic Fe3O4 nanoparticles reduces 

the agglomeration of the particles with holding superparamagnetism and also 

provides conductivity to the particles [34]. However, both composition and 

crystalline structure of core Fe3O4 nanoparticles can sometimes change caused 

by acid additives during the polymerization process. Moreover, previous 

reports show polydispersity in the size and degradation of magnetic response 

of magnetic nanoparticles due to the nanoscale clustering of Fe3O4 and 

containing small amount of Fe3O4 [35, 36]. Therefore, it is still challenging to 

fabricate a well-defined Fe3O4/PANI core/shell nanostructure. 
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1.3 Objective of this study 

 

Herein, we report a fabrication of polyaniline coated Fe3O4/SiO2  

nanoparticles(Fe3O4/SiO2/PANI NPs) for the application to EMR fluid. The 

superparamagnetic Fe3O4/SiO2 core/shell nanoparticles (Fe3O4/SiO2 NPs) used 

as seed materials were simply prepared. The diameter of Fe3O4/SiO2 NPs was 

about 26 nm and thickness of silica shell was approximately 5 nm. Thin silica 

shell prevents agglomeration of the Fe3O4 NPs and enhances anti-acidic 

characteristics. In addition, PANI was coated on the Fe3O4/SiO2 NPs via seed 

dispersion polymerization and a thin layer of PANI (ca. 3 nm) was formed on 

the surface of Fe3O4/SiO2 NPs. Using this technique, we successfully fabricated 

dual stimuli-responsive nanomaterials with a well-defined shape and size. It is 

expected that the well-defined PANI outlayer of core/shell nanoparticles can 

enhance uniformity of particles and effective surface area, which influence on 

EMR effect. Our approach may provide improved method for the preparation 

of dual stimuli-responsive materials and their industrial applications.  
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Chapter 2. Experimental 

 

2.1 Materials 

 

All of the reagents were used as reagent grade without further purification. 

Iron (Ⅲ) chloride hexahydrate (FeCl3∙6H2O), Oleic acid (98 %), 1-octadecene 

(90 %), IGEPAL CO-520 (average Mn~441), Tetraechylorthosilicate (TEOS, 

98 %), Iron(Ⅲ) chloride (FeCl3), and aniline were purchased from Aldrich 

Chemical Co., USA. Sodium oleate (95 %), Ammonium hydroxide (NH4OH, 

28.0~30.0 %), and Hydrochloric acid (HCl, 35~37 %) were purchased from 

Samchun Chemical. Co., Korea. 

 

2.2 Preparation of magnetite nanoparticles (Fe3O4 NPs) 

 

Fe3O4 NPs were prepared by thermal decomposition of iron-oleate complex. 

Typically, 10.8 g of Iron (Ⅲ) chloride hexahydrate (FeCl3∙6H2O) and 36.5 g of 

sodium oleate were employed as a precursor of iron-oleate complex and 

dissolved in a mixture solvent consist of 60 ml distilled water, 80 ml of ethanol 

and 140 ml hexane. The reaction mixture was heated to 70 oC and then kept at 
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that temperature for 4 hours. The resultant iron-oleate complex was obtained 

after separation process and dried in vacuum oven at 25 oC or 24 hours. As-

prepared 36 g of iron-oleate complex was dissolved in 200 g of 1-octadecene. 

Oleic acid (98%, 20mmol) was employed as a stabilizer of Fe3O4 NPs and 

added into the above solution. The resulting solution was heated to reflux for 

an hour, and then cooled to room temperature. By adding 500 ml of ethanol, 

Fe3O4 NPs were precipitated as brownish black sedimentation. The Fe3O4 NPs 

were isolated by centrifugation. 

 

2.3 Fabrication of magnetite/silica core/shell nanoparticles 

(Fe3O4/SiO2 core/shell NPs) 

 

Fe3O4/SiO2 core/shell NPs were fabricated according to reverse 

microemulsion method. First, 0.35 g of IGEPAL CO-520 (average Mn~441) 

was dissolved in 50 ml of cyclohexane and treated with sonication for 10 min. 

Subsequently, 0.5 g of Fe3O4 NPs was injected into the above solution. Then, 1 

ml of ammonium hydroxide (25-28 %) was added with continuous stirring. 

Afterwards, 0.7 ml of TEOS was added. The reaction proceed for 7 hours at 

room temperature. The resultant Fe3O4/SiO2 core/shell NPs were purified 

repeatedly by centrifugation with excess ethanol.  
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2.4 Synthesis of polyaniline-coated magnetite/silica 

core/shell nanoparticles (Fe3O4/SiO2/PANI NPs) 

 

Fe3O4/SiO2/PANI NPs were fabricated by seed dispersion polymerization. 

As-prepared Fe3O4/SiO2 NPs were coated with oxidant. First, the Fe3O4/SiO2 

NPs (50 mg) were dispersed into 50 ml of distilled water. The mixture was 

sonicated, and then FeCl3 (150 mg) was added into the mixture. After 12 hours, 

Fe(III) ion-coated Fe3O4/SiO2 NPs were separated by centrifugation and 

dispersed in 50ml of chloroform. Subsequently, 60 μl of aniline was added into 

the mixture. The reaction proceed for 24 hours with vigorous stirring. The final 

product was isolated with centrifugation and obtained after drying in a vacuum 

oven at room temperature.   

 

2.5 Instrument of analysis 

 

Fe3O4/SiO2/PANI NPs characterization: Transmission electron microscope 

(TEM) images were obtained with a JEM-2100 (JEOL, Japan). All samples 

diluted in ethanol were deposited on a copper grid. Scanning electron 

microscope (SEM) images were acquired with a JSM-6701F (JEOL, Japan). 

EDS measurement was conducted with an INCA energy dispersive X-ray 



14 

 

spectrophotometer (Oxford Instruments Analytical Ltd. UK) linked with SEM. 

X-ray diffraction (XRD) patterns were observed by a SmartLab X-ray 

diffractometer (Rigaku, Japan). XRD patterns were collected between 10° and 

70° at the scan rate of 5° min-1. FT-IR spectra were measured utilizing a 

Perkin-Elmer Frontier FT-NIR/MIR spectrometer, using universal-ATR mode 

(US). Thermogravimetric analysis (TGA) spectra were obtained using a Perkin-

Elmer Pyris TGA 6 thermogravimetric analyzer (US). The TGA analysis was 

conducted in nitrogen atmosphere. The magnetic properties of 

Fe3O4/SiO2/PANI NPs were taken with a SQUID magnetometer. 

Investigation of electrorheological and magnetorheological properties: 

Dried Fe3O4/SiO2/PANI NPs (0.6 g) were dispersed in 10 ml of silicone oil 

(poly(methylphenylsiloxane), viscosity = 100 cSt). Concentration of 

Fe3O4/SiO2/PANI-based EMR fluid was 10 wt% and the fluid contained no 

additives. The ER properties of Fe3O4/SiO2/PANI NP-based EMR fluid was 

measured utilizing rheometer (AR 2000 Advanced Rheometer, TA Instrument) 

with a concentric cylinder conical geometry (1.00 mm gap distance), high 

voltage generator (Trek 677B), and temperature controller. Before the 

measurement of ER properties, an electric field (DC electric field) was applied 

for 3 min to obtain an equilibrium fibril structure and diverse.  

The MR properties of Fe3O4/SiO2/PANI NPs-based EMR fluid were 

obtained using a magnetorheometer (MCR 301, Anton Paar, Austria) with 
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parallel plate geometry (0.1 mm gap distance). The magnetic field was set to be 

perpendicular to the flow utilizing a Magneto-Rheological Device (PS-

MRD/5A, Anton Paar, Austria).  
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Chapter 3. Results and discussion 

 

3.1 Fabrication of Fe3O4/SiO2/PANI NPs 

 

The fabrication procedure for Fe3O4/SiO2/PANI NPs is illustrated in Figure 

2. Fe3O4 NPs were synthesized by thermal decomposition process [37, 38]. 

Firstly, iron-oleate complex was synthesized and employed as precursor of 

Fe3O4 NPs. Oleic acid was injected into the precursor solution. After refluxing  

the precursor solution for an hour, the Fe3O4 NPs were seperated and dispered 

into cyclohexane. And then IGEPAL CO-520 was added to the solution  to 

reverse microemulsion process [39-41]. Subsequently, ammonium hydroxide 

and TEOS were added with continuous stirring. The reaction was proceeded for 

7 hours at room temperature. The resulting Fe3O4/SiO2 core/shell NPs were 

purified with ethanol. Prior to the polymerization of PANI on the surface of 

particles, Fe(III) ions were deposited onto the Fe3O4/SiO2 core/shell NPs by 

mixing the Fe3O4/SiO2 core/shell NPs with FeCl3 oxidant solution. The Fe(III) 

ions were successfully attached to the surface of Fe3O4/SiO2 core/shell NPs via 

electrostatic interactions between the negativly charged silica surface and  

cationic Fe(III) ions. Afterwards, Fe(III) ion-coated Fe3O4/SiO2 NPs were 

dispersed in chloroform. Usage of non-polar chloroform solvent prevented the 
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diffusion of embedded Fe(III) ions from the surface of Fe3O4/SiO2 NPs [42, 43]. 

Lastly, aniline monomer was added into the mixture and the reaction proceeded 

for 24 hours with vigorous stirring. Consquently, Fe3O4/SiO2 NPs were 

successfully functionalized with PANI. The resulting Fe3O4/SiO2/PANI NPs 

were applied as dual stimuli-responsive nanomaterials for EMR fluid. 
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Figure 2. A schematic illustration describing the fabrication method of 

Fe3O4/SiO2/PANI nanoparticles.  
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3.2 Characterization of Fe3O4/SiO2/PANI NPs 

        

3.2.1 Morphology of Fe3O4/SiO2/PANI NPs  

Figure 3 displays TEM images of Fe3O4 NPs, Fe3O4/SiO2 NPs and 

Fe3O4/SiO2/PANI NPs, respectively. Particularly, uniformly distributed Fe3O4 

NPs were fabricated with similar diameter of ca. 15 nm (Figure 3a). Fe3O4 NPs 

showed great dispersibility in organic solvent due to stabilization conducted 

from the oleic acid. It is known that oleic acid has tail with a cis-double bond 

in the middle, which forms a kink. The kink weakens the nematic attraction of 

tails and effective stabilization is possible [44]. The high-resolution TEM (HR 

TEM) image of Fe3O4 NPs showed distinct lattice fringe patterns with 0.253 

nm and 0.147 nm, which corresponded to the (311) and (400) lattice spacing of 

Fe3O4 (Figure 3b). SAED pattern was obtained at the single Fe3O4 NPs to 

confirm the phase of the material. According to the SAED pattern, d-spacing 

values were calcaulated and these values corresponded to the (400), (511), and 

(440) lattice plain of Fe3O4 NPs. After the ligand exchange from oleic acid to 

IGEPAL CO-520, SiO2 layer was deposited onto the surface of Fe3O4 NPs 

(Figure 3c). The thickness of SiO2 layer was ca. 5 nm and Fe3O4/SiO2 NPs 

exhibited improved stability in aqueous solution. Moreover, an additional 

experiment was performed to control the thickness of silica layer. It was 

confirmed that the thickness of SiO2 layer increased with the amount of added 
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TEOS. However, SiO2 NPs without Fe3O4 were also synthesized with incresing 

TEOS amount, which can reduce the MR effect due to its paramagnetic 

property. To prevent the formation of core-free SiO2 particles, the amount of 

TEOS must be optimized. Figure 3d demonstrates the well-defined 

core/shell/shell structure of Fe3O4/SiO2/PANI NPs. The average diameter of 

particles was ca. 31 nm and the thickness of PANI layer was ca. 3 nm. As 

previously mentioned, embedded Fe(III) ions were not diffused from the 

surface of Fe3O4/SiO2 NPs due to the polarity confinement.  

Size distribution and average diameter of particles were investigated with 

SEM images. Both Fe3O4/SiO2 NPs and Fe3O4/SiO2/PANI NPs showed narrow 

size distribution with average diameters of samples were ca. 26 and 31 nm, 

respectively.   
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Figure 3. a) TEM image of Fe3O4 NPs. b) HR-TEM image of single Fe3O4 NPs 

[Inset: corresponding SAED patterns of Fe3O4 NPs]. TEM images of c) 

Fe3O4/SiO2 NPs and d) Fe3O4/SiO2/PANI NPs.   
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Figure 4. SEM images of a) Fe3O4/SiO2 NPs and b) Fe3O4/SiO2/PANI NPs. 

Size distribution histogram of c) Fe3O4/SiO2 NPs and d) Fe3O4/SiO2/PANI NPs.   
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3.2.2 Crystalline structure of Fe3O4/SiO2/PANI NPs 

 

To determine the crystallinity of as-synthesized nanoparticles, X-Ray 

diffraction (XRD) analysis was conducted. Figure 5 illustrates the XRD pattern 

of Fe3O4 NPs, Fe3O4/SiO2 NPs, and Fe3O4/SiO2/PANI NPs. The diffraction 

peaks at 30°, 35°, 43°, 53°, 57° and 63° correspond to Fe3O4 and these 

characteristic peaks of Fe3O4 were detected from all samples. Accordingly, this 

result suggested that Fe3O4 crystal structure did not affected by the SiO2 

deposition and polymerization process. The intensity of characteristic peaks 

slightly decreased due to the deposition of shell materials. The single broad 

band centered at 23° is ascribed to the amorphous phase of silica and PANI. 

Furthermore, on the basis of peak at 2θ = 63°, the mean size of the crystalline 

domain (τ) of Fe3O4 NPs was obtained using the Debye–Scherrer equation as 

following: 

𝜏 =  
A𝜆

𝛽 cos𝜃
                      (2)                        

Where A is a shape factor (0.9), λ is the X-ray wavelength of Cu Kα 

radiation(1.541Å), β is the line broadening at full width at half maximum, and 

θ is the Bragg angle [45]. The values of crystalline size τ were estimated as ca. 

15 nm in all samples. Judging from these data, Fe3O4 NPs are comprised of 

single crystalline structure and maintained the initial size throughout the 
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reaction process. Moreover, such results were in accordance with the average 

diameters of samples determined from the TEM analyse.  
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Figure 5. XRD patterns of a) Fe3O4 NPs, b) Fe3O4/SiO2 NPs, and c) 

Fe3O4/SiO2/PANI NPs. 
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3.2.3 Characterization of Fe3O4/SiO2/PANI NPs 

 

Figure 6 exhibits FT-IR spectra of Fe3O4/SiO2 NPs and Fe3O4/SiO2/PANI 

NPs. The bands at 1160 cm-1, 1085 cm-1, 947 cm-1 and 805 cm-1 are vibration 

modes of SiO2 indicating. The FT-IR spectra of Fe3O4/SiO2/PANI NPs displays 

additional bands at 1590 cm-1, 1495 cm-1 and 1300 cm-1. The bands at 1590 cm-

1 and 1495 cm-1 are detected due to the stretching vibration of the quinone ring 

and benzene ring deformation, respectively. Absorption at 1300 cm-1 is 

attributed to C–N stretching of secondary aromatic amine. These bands of 

Fe3O4/SiO2/PANI NPs correspond to the bands of PANI with slight shifts 

compared to the pure polyaniline. Furthermore, EDS analysis was performed 

to confirm the elemental composition of the samples (Table 1). The 

Fe3O4/SiO2/PANI NPs were mainly consisted of carbon (C), nitrogen (N), 

oxygen (O), silicon (Si), and iron (Fe). This results suggested that PANI is 

successfully polymerized and coated together with the Fe3O4/SiO2 NPs. 

In order to calculate the content of PANI on Fe3O4/SiO2/PANI NPs, the 

thermogravimetric analysis (TGA) was carried out (Figure 7). The TGA 

analysis was performed in the temperature range from 100 oC to 800 oC under 

a nitrogen atmosphere. TGA curve of Fe3O4/SiO2 NPs shows that the weight 

loss gradually increased when the sample was heated up to 615 oC. The weight 

loss of samples can be summarized as following. Firstly, dehydration process 
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including elimination of physic-sorbed water and condensation or surface 

silanol (Si–O–H) groups occurs until around 400 oC. Above 400 oC, 

decomposition of organic residues can be observed [46]. On account of 

remaining IGEPAL CO-520, the weight loss of Fe3O4/SiO2 NPs increased up to 

8.95 %.  On the other hand, TGA curve of Fe3O4/SiO2/PANI NPs showed large 

weight loss of 22.40% compared to Fe3O4/SiO2 NPs. Notably, thermogram of 

Fe3O4/SiO2 NPs steeply decreased in the range of 340 to 740oC, which account 

for 19.17 % of weight loss of sample. Hence, this significant difference in the 

thermogram of two samples indicated the presence of PANI coating layer on 

the surface of Fe3O4/SiO2 NPs.  
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Figure 6. FT-IR spectra of a) Fe3O4/SiO2/PANI NPs and b) Fe3O4/SiO2 NPs. 
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Table 1. Elemental Analysis of Fe3O4/SiO2 NPs and Fe3O4/SiO2/PANI NPs 

 

Samples 

Atomic ratio 

C (%) N (%) O (%) Si (%) Fe (%) 

Fe3O4/SiO2 NPs - - 68.0 24.4 7.6 

Fe3O4/SiO2/PANI NPs 27.0 3.1 55.2 15.3 3.4 
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Figure 7. TGA thermograms of Fe3O4/SiO2 NPs (solid line) and 

Fe3O4/SiO2/PANI NPs (dash line) under a nitrogen atmosphere. 
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3.2.4 Magnetic properties of Fe3O4/SiO2/PANI NPs 

 

Magnetic hysteresis loops were acquired by SQUID magnetometer at room 

temperature. The saturation magnetization of Fe3O4/SiO2 NPs and 

Fe3O4/SiO2/PANI NPs were 29.1 emu g-1 and 20.8 emu g-1, respectively. 

Saturation magnetization is related to the saturation moment of a single 

magnetic particles and volume fraction of the magnetic particles. Therefore, the 

difference in saturation magnetization of samples is attributed to the volume 

fraction variation of Fe3O4 NPs. Although the saturation magnetization of 

Fe3O4/SiO2/PANI NPs is lower compared to others, the value is still sufficient 

for MR application. In particular, both Fe3O4/SiO2 NPs and Fe3O4/SiO2/PANI 

NPs exhibited superparamagnetism, which indicated that thermal entropy at 

room temperature is sufficient to invert anisotropy energy of each particle. 

Superparamagnetic particles are beneficial for reversible MR effect on account 

of low or zero coercivity value. 
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Figure 8. Magnetic hysteresis loop of Fe3O4/SiO2 NPs (solid line) and 

Fe3O4/SiO2/PANI NPs (dash line) at 300 K.  
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3.3 Stimuli-responsive properties 

3.3.1 Flow curves of the fluid 

 

To examine the EMR performance of suspension, the rheological activity 

and the external field-responsive behavior were measured. First, the ER activity 

was investigated as a function of shear rate (Figure 9). Without an external field, 

the shear stress value gradually increased to show Newtonian like behavior. In 

contrast, the fluid under 3.0 kV mm-1 of electric field corresponded to Bingham 

fluid with plateau region. Particularly the competition between hydrodynamic 

force of shear flow and induced electrostatic interaction of particles resulted as 

a in plateau region. At the high shear rate region, shear stress increased with 

increasing shear rate owing to the domination of hydrodynamic force over 

electrostatic interaction. The yield stress value of Fe3O4/SiO2/PANI NPs-based 

EMR fluid was 47.9 Pa and ER efficiency was 517.2 % under 3.0 kV mm-1 

electric field. These values were superior to ER performance of Fe3O4/SiO2 

NPs-based ER fluid (12.7 Pa and 116.6 %).  

The MR effect was also tested as a function of shear rate (Figure 10). The 

fluid acted as a newtonian fluid in absence of magnetic field. When the 

magnetic field applied, the fluid exhibited a Bingham like fluid behavior with 

a yield stress. The yield stress value was 2130.4 Pa under 429 kA m-1 of 
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magnetic field. As-prepared EMR fluid represented a great magneto-responsive 

performance in low concentrated system (10 wt%), which is attributed to the 

size effect and uniformity of particles. It is known that the smaller particles 

have larger surface area and high mobility compared to larger particles to 

enhance the MR effect. The high surface area can induced significant magnetic 

interaction of particles and fibrilla structure can be formed rapidly due to high 

mobility. Moreover, the uniformity of particles can significantly enhance the 

MR properties. Distribution parameter, 𝜎0 , can describethe the uniformity of 

particles. Typically, distributions with 𝜎0  ≤ 0.1  are regarded to be 

monodisperse, and fluids with 𝜎0  > 0.1 are regarded to be polydisperse. In 

case of the Fe3O4/SiO2/PANI NPs-based EMR fluid, 𝜎0  was calculated at 

1.005. Manson number (Mn), which is the ratio of hydrodynamic force to 

magnetic force, is used for calculation of drag force and given by: 

Mn = 
9𝜂�̇�

2𝜇0𝑀
2                      (3) 

Where 𝜂  is the viscosity of liquid, �̇�  is the shear rate, 𝜇0  is the 

permittivity, and M is the particle magnetic moment. According to the 

previous report, monodisperse particles showed enhanced MR properties 

except in case of high Mason number (Mn > 5×10-3) [47]. Monodispersed 

particles can form lattice-like structures, while polydispersed particles form 

irregular structures. These irregular structures reduce shear stress value due to 

weakened connectivity between the particle clusters. 
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Figure 9. Shear stress (closed symbol) and viscosity (open symbol) of 

Fe3O4/SiO2/PANI NPs-based ER fluid with and without an electric field of 3.0 

kV mm−1. Concentration of the Fe3O4/SiO2/PANI NPs-based ER fluid was 10.0 

wt %. 
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Figure 10. Shear stress (closed symbol) and viscosity (open symbol) of 

Fe3O4/SiO2/PANI NPs-based MR fluid with and without an magnetic field of 1 

T. Concentration of the Fe3O4/SiO2/PANI NPs-based ER fluid was 10.0 wt %. 
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3.3.2 Dynamic yield stress  

 

The dynamic yield stress was measured as a function of applied external 

field strength at shear rate of 0.1 s-1 (Figure 11). In the polarization model, yield 

stress is attributed to the Maxwell-Wagner interfacial polarization and induced 

electrostatic force, which is dependent on mismatch between dielectric constant 

of solid particles and carrier oil. The relationship between yield stress (τ𝑌) and 

applied field strength (F) is given by: 

τ𝑌  ∝  𝜑𝐾𝑓𝐹
2𝑓(𝛽)                   (4) 

β =  
𝐾𝑝−𝐾𝑓

𝐾𝑝+2𝐾𝑓
                       (5) 

Where 𝜑 is the volume fraction of particles, β is the dielectric mismatch 

parameter, 𝐾𝑓 and 𝐾𝑝 denote the dielectric permittivity of fluid and particles, 

respectively [48]. Under a magnetic field, the yield stress of fluid increased as 

proportion to the square of magnetic field strength. In the case of applying 

electric field, the yield stress was enhanced as proportion to the square of field 

strength until 2.5 kV mm-1. However, the yield stress increased with 1.5 power 

of field strength at high electric field strength (>2.5 kV mm-1). Such a 

phenomenon can be explained by the conduction medel [9]. At high electrical 

field strength, the electrical breakdown of fluid caused the nonlinear conducting 

effect to show yield stress proportional to power of 1.5.  
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Figure 11. Yield stress of the Fe3O4/SiO2/PANI NPs-based EMR fluid as a 

function of a)electric field and b)magnetic field strength at the shear rate of 0.1 

s−1. 
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3.3.2 Real-time responsive properties 

 

Figure 12 represents the real-time response of EMR fluid under applied 

electric and/or magnetic field with shear rate of 0.1s-1. As shown in Figure 12a, 

the shear stress showed constructive enhancement when the magnetic field was 

applied in the presence of electric field due to the formation of more rigid and 

organized structure under combined field. In constrast, the shear stress 

decreased under combined field with applied different magnetic field direction 

(Figure 12b). Also, the reversibility of Fe3O4/SiO2/PANI NPs-based EMR fluid 

was confirmed by alternatively turning on and off of the applied field. 

Considering these result, Fe3O4/SiO2/PANI NPs-based EMR fluid responses 

both field simultaneously and fine control of the rheological properties are 

possible according to field direction. 

Real-time structural change of fluid was observed by optical microscopy 

(Figure 13). With the applied electric field, randomly dispersed solid particles 

suddenly formed rigid fibrillar structures owing to the rapid polarization and 

induced dipole of particles.  
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Figure 12. Response of the Fe3O4/SiO2/PANI NPs-based EMR fluid to a 

superimposed electric and magnetic fields with different direction.  
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Figure 13. Optical microscope images of the Fe3O4/SiO2/PANI NPs-based 

ER fluid in the absence of an electric field and in the presence of the electric 

field of 3 kV mm−1. Gap distance between two electrodes was adjusted to 1 mm. 
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3.3.4 Sedimentation property 

 

Figure 14 displays the colloidal stability of fluids containing 6 wt% of 

particles and Fe3O4/SiO2/PANI NPs-based fluid exhibited a better 

sedimentation ratio than the other fluids. This outstanding colloidal stability is 

originated from the reduced particle density and surface energy. The 

sedimentation velocity can be calculated by using Stokes’ settling equation. 

The Stokes’ settling equation is given by:  

𝑉𝑔 = 
𝑑2g(𝜌𝑝−𝜌𝑙)

18𝜂
                        (6) 

Where 𝑉𝑔 is the sedimentation velocity, d is the diameter of particle, g is 

the gravitational acceleration, 𝜌𝑝 is the density of particle, 𝜌𝑙 is the density 

of liquid, and η is the viscosity of liquid. The corresponding density of 

fabricated particles were estimated using pycnometer. The densities of Fe3O4 

NPs, Fe3O4/SiO2 NPs and Fe3O4/SiO2/PANI NPs are 5.19, 3.43, and 2.87 g cm-

3, respectively. The diameter of particles slightly increases with coating process. 

However, the high surface energy of Fe3O4 was lowed by coated PANI layer to 

prevent the aggregation and agglomeration of particles. For these reason, 

Fe3O4/SiO2/PANI NPs-based EMR fluid exhibited improved dispersion 

stability compared to Fe3O4 NPs, Fe3O4/SiO2 NPs-based fluid.  
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Figure 14. Sedimentation property of the Fe3O4 NPs, the Fe3O4/SiO2 NPs and 

the Fe3O4/SiO2/PANI NPs-based ER fluids with the concentration of 10 wt % 

in silicone oil. 
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Chapter 4. Conclusion 

 

In this work, Fe3O4/SiO2/PANI NPs were successfully fabricated with a 

well-defined shape and size. Fabricated nanoparticles exhibited dual stimuli-

responsive properties due to the characteristics of both core and shell materials. 

Magnetite core exhibited superparamagnetism as the diameter of the magnetite 

is about 15 nm. In addition, silica and PANI shells provided electro-responsive 

properties and enhanced anti-sedimentation properties. Consequently, 

Fe3O4/SiO2/PANI NPs-based EMR fluid represented excellent ER efficiency 

(517.2 % at shear rate of 0.1 s-1 and field strength of 3 kVmm-1) and MR 

performance (142.3 % at shear rate of 0.1 s-1 and field strength of 429 kAm-1) 

in low concentrated system. In particular, the fluid was responsive to both fields 

simultaneously and fine control of the rheological properties were possible 

according to field direction. Moreover, Fe3O4/SiO2/PANI NPs -based EMR 

fluid represented high dispersion stability and great anti-sedimentation property. 

These results provided possibilities for rheological control of smart fluid and 

their practical application. 
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초 록 

지능형 소재는 온도, 전기장, 자기장, 기계력 등의 외부 자극에 

반응하여 구조나 상호 작용 등을 변화시키는 물질로써 많은 관심을 

받아왔다. 전기, 자기 반응성 유체는 지능형 소재의 한 종류로 

인가된 외부 장에 따라 그 유변학적 특성이 제어 가능하여 실질적 

응용 가능성이 높은 소재이며, 특히나 전기장과 자기장에 동시에 

반응하는 전기-자기유변학적 유체는 좀 더 정교한 유변학적 제어가 

가능하다. 하지만 이중 자극 반응성 입자의 제조 기술은 미비한 

실정이며, 보고되고 있는 전기-자기유변학적 유체는 편중된 

반응성을 보여 실제 적용에 한계가 있다. 이 논문에서는, 

산화철/실리카/패니의 코어/쉘/쉘 구조를 가지는 균일한 나노입자를 

제조하여 이를 전기-자기유변학적 유체에 적용하였다. 15nm의 

초상자성 산화철 나노입자에 역마이크로유화 방법을 이용하여 

산화철/실리카 코어/쉘 나오입자를 제조하였고 시드중합 방법을 

통하여 실리카 표면에 균일한 PANI 박막을 도입하였다. 제조된 

나노입자는 전기-자기유변학적 유체에 적용되었으며, 단분산 

특성과 나노 크기로 인하여 전기장과 자기장 각각에 적용 되었을 

때 좋은 성능을 보였다. 또한 두 장을 동시에 적용한 경우 전단응력 

값이 변화함을 확인할 수 있었으며, 전단응력 값은 두 장의 방향에 
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따라 조절 가능하였다. 이 논문은 전기-자기유변학적 유체의 

실질적인 응용 가능성을 제시하며 이중 자극 반응성 물질의 제조를 

위한 새로운 방법을 창출할 것으로 사료된다.  

 

주요어 : 지능형 유체, 전기-자기유변학적 유체, 산화철 나노 입자, 

폴리아닐린, 실리카, 코어-셀-셀 나노입자. 

학번 : 2014-21579 
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